The prevalence of childhood obesity has risen dramatically and coincident with this upsurge is a growth in adverse childhood psychological conditions including impulsivity, depression, anxiety and attention deficit/hyperactive disorder (ADHD). Due to confounds that exist when determining causality of childhood behavioral perturbations, controversy remains as to whether overnutrition © 2013 Elsevier Ltd. All rights reserved.
Introduction
In humans, obesity impacts a variety of biobehaviors especially mood and cognition (Elias et al., 2003; Elias, et al., 2005; Bruce-Keller et al., 2009; Cserjesi et al., 2009 ) but how obesity impairs these brain-based functions remains unclear. What is known is that intake of excess dietary fat is coupled to overnutrition which predisposes to the development of obesity and its complications (Lissner and Heitmann 1995; Astrup 1999) . In mice, high fat diet (HFD) feeding has been extensively used to model the human diet-induced obese state (Surwit et al., 1988; Buettner et al., 2007) and, as in humans, a key outcome of mouse HFD feeding is inflammation in liver and adipose tissue (Li et al., 2008) . This HFD-dependent pro-inflammatory state has been postulated to cause many of the adverse biobehaviors seen in obesity/diabesity, but brain-based inflammation caused by a HFD has been very difficult to demonstrate outside of the hypothalamus (Soczynska et al., 2011) . Furthermore, cytokinerelated sickness symptoms like reduced social exploration, loss of appetite with weight loss and depressive-like behaviors are not clearly seen in obese/diabese humans or rodents (Lavin et al., 2011; Soczynska et al., 2011) . Therefore, mechanisms distinct from the braincytokine system may be responsible for the mood and cognitive dysfunctions associated with the obese state.
Previously, obesity-associated brain-based disorders were thought to be a consequence of type 2 diabetes (T2D) and, as with T2D-linked cognitive decline, take significant time to manifest often blending with age-related and/or Alzheimer-like neurodegeneration (Arvanitakis et al., 2004; Hassing et al., 2004) . However, very recent studies in human adults indicate that short-term feedings of a HFD can impair attention (Edwards et al., 2011) and visual memory (Bayer-Carter et al., 2011) . Furthermore, epidemiologic studies have identified childhood obesity as a risk factor for psychological maladies such as, attention deficit hyperactivity disorder (ADHD), impulsivity, depression and anxiety (Bazar et al., 2006; Cortese and Morcillo Penalver 2010; Davis 2010; Puder and Munsch 2010; Smith et al., 2011) . These studies have also found a negative association between childhood obesity and performance on tests of executive function and attention (Smith et al., 2011) .
Common to both ADHD and the overweight/obese state is altered dopaminergic signaling in the brain. In general, brain biochemistry associated with overeating is not well understood, but in humans body mass index inversely correlates with brain dopamine 2 receptor (D2R) availability (Wang et al., 2001) . In rats, a down-regulation of striatal DR2s is linked to compulsive eating and generates a phenotype similar to addiction-like neuroadaptation (Johnson and Kenny 2010) . Similarly, ADHD is allied with perturbed brain-based dopaminergic signaling in children (Nieoullon 2002; Guxens et al., 2009 ). Thus, stimulants like methylphenidate which increase catecholamines in the brainstem, midbrain and cortex appear critical to the increased attention span and concentration afforded children treated for ADHD (Rapport et al., 1994; Wolraich et al., 2001 ). Due to the epidemiologic overlap between ADHD and the development of the childhood obese state, we examined the shortterm behavioral impact of a HFD on young mice and explored the mechanism by which a HFD perturbed behavior.
Methods

Materials
All reagents and chemicals were purchased from Sigma-Aldrich (St Louis, MO) except as noted. All primers were purchased from Applied Biosystems (Foster City, CA).
Animals
Animal use was conducted in accordance with Institutional Animal Care and Use Committee approved protocols at the University of Illinois. C57BL/6J male mice (3-wk old) were purchased from Jackson Laboratories (Bar Harbor, ME). IL1R1 knockout (KO) and indoleamine 2,3 dioxygenase (IDO) KO male mice were bred in house and weaned at 3 wks of age. Mice were group-housed (4-8 per cage) in large standard shoebox cages (length 28 cm; width 17 cm; height 12.5 cm) and allowed free access to food and water. Housing temperature (72°F) and humidity (45-55%) were controlled, as was a 12/12 h reversed darklight cycle (2200-1000 h). All behavioral studies except for elevated zero-maze were conducted under red light. All behavioral, biochemical and genomic experiments were performed on separate cohorts of mice that were examined at either 1 wk or 3 wks of diet with the following exceptions. The diet switching study was performed on a single cohort. Body weight and blood glucose were performed on a single cohort. Serum cytokines and brain MAO-A/-B activity both used the same1 wk and 3 wk cohort. The total number of mice utilized was 200.
Diets, weight and fasting blood glucose
From weaning (3 wks of age), mice were fed open source uniform-base diets containing either 10% calories from fat (LFD) (D12450B, Research Diets, New Brunswick, NJ) or 60% calories from fat (HFD) (D12492, Research Diets, New Brunswick, NJ) (Lavin, et al 2011) . Both diets contained 20% kcal from protein (casein). The LFD contained 70% kcal from carbohydrates (corn starch) and 10% calories from fat (soybean oil + lard). The HFD contained 20% kcal from carbohydrates (corn starch) and 60% calories from fat (soybean oil + lard). Mouse weight was recorded weekly using an Adventurer Pro digital scale (Ohaus, Parsippany, NJ). Tail (12 h) blood glucose testing was recorded weekly using an Abbott FreeStyle Freedom blood glucose monitor (Abbott Park, IL) (Lavin et al., 2011) .
Injectables
Reboxetine (1 mg/kg/mouse), desipramine (1 mg/kg/mouse) or methylphenidate (2.5 mg/kg/ mouse) (Medisca, Quebec, Canada) were administered IP 45 min prior to novel object training. The injectables were administered 45 min prior to training based on our previous work with similar antidepressants and catecholamines (Park et al., 2011) .
Locomotion
At the times indicated, spontaneous locomotor activity was measured by video recording mice in their home cage for 5 min (York et al., 2012a) . Distance and velocity moved was quantified using EthoVision XT 7 video tracking software (Noldus Information Technology, Leesburg, VA)
Burrowing
Mice were individually housed overnight in the presence of a burrow (20 cm long polyvinyl chloride (PVC) piping capped at one and raised 1.3 cm at the open end) (Lavin et al., 2011) . Testing was initiated by adding 100 g of food pellets to the burrow. Water was provided ad libitum, but food was only available from the burrow. Mice were allowed to interact with the filled burrow for 30 min. Amount burrowed was determined from weight of burrow + food before and after burrowing.
Wheel running
Spontaneous wheel running was measured as we have described (York et al., 2012a) . At the times indicated, mice were individually housed in standard sized cages containing a stainless steel running wheel (Mini-Mitter, Bend, OR). Wheel turn data were collected telemetrically using VitalView Software (Mini-Mitter). Data were collected for 24 h. Data are presented as total wheel turns/day.
Novel Object Recognition
Mice were individually housed overnight in a home cage-sized acclimation arena containing two identical objects (acclimation). Mice were then individually transferred from the acclimation arena to a large rat cage-sized memory arena (26 cm × 48 cm × 21 cm) containing 2 objects identical to those used during acclimation (training). Investigative behavior of the objects was video recorded for 5 min. Mice were then returned to the acclimation arena sans objects for 1 hr. Mice (individually) were transferred back to the memory arena now containing one familiar object and one unfamiliar object (novel object) (testing). Investigative behavior of the objects was video recorded for 5 min and evaluated by hand scoring. Percent investigation was calculated by dividing the time spent examining each object by the total time spent investigating both object (York et al., 2012a) .
Spontaneous Alternation (Y-maze)
Mice were individually housed overnight. Testing was initiated by placing the subject mouse into one of the 3 maze arms. The Y-maze used was symmetrical, clear and Plexiglas (arms = 40 cm in length × 9 cm in width × 16 cm in wall height with an arm angle of 120°). Maze bottom was blue and side walls were decorated with black triangles, black circles, or black diagonal lines. Movement was video recorded for 5 min. Arm entry required all 4 legs of the subject mouse to enter an arm. Perfect alternations were defined as exploration of all three arms sequentially given 3 opportunities independent of a right or left arm choice at initiation. Imperfect alternations were defined as entry into all three arms in 4 opportunities. Results were calculated as the number of perfect or imperfect alternations divided by total opportunities (York et al., 2012a) .
Elevated Zero-Maze
Mice were transferred from their home cage to the high wall section of a zero maze (maze dimensions: 40 cm inner diameter, 6 cm track, 72 cm from the floor). The maze was equally divided into 4 quadrants, 2 of which had high walls (14 cm). Movement was video recorded for 5 min. Exploratory behavior was considered as time spent in the non-high wall area including stretch-attend postures (Park et al., 2011; York et al., 2012a) .
Forced swim test
The subject mouse was transferred from its home cage to a clean white cylindrical PVC container (diameter 16 cm; height 31 cm) containing 15 cm of water maintained at 25 ± 1°C
. Total swim duration was 6 minutes, and immobility was evaluated from the video record by hand scoring from the final 5 min of the test (Park et al., 2011) .
Quantitative PCR (qPCR)
Brain regions were dissected from PBS perfused whole brains and RNA was isolated (York et al., 2012b) . RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (PN 4368813) (Applied Biosystems). The TaqMan Gene Expression primers used were: F4/80 (Mm00802529_m1), IL-1 (Mm99999060_m1), IL-1 (Mm99999061_mH), IL1R1 (Mm00434237_m1), IL1R2 (Mm00439622_m1), IL1RA (Mm01337566_m1), IL-6 (Mm01210733_m1), CD11b (Mm00434455_m1), tumor necrosis factor-(TNF-) (Mm00443258_m1), CD45 (Mm00448490_m1), brain derived neurotrophic factor (BDNF) (MM01334042_m1), nerve growth factor (NGF) (Mm00443039_m1), catechol-O-methyltransferase (COMT) Mm00514377_m1, monoamine oxidase-A (MAO-A) Mm00558004_m1 and MAO-B, Mm00555412_m1. qPCR was performed on a 7900 HT Fast Real-Time PCR System (Applied Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems). To compare gene expression, a parallel amplification of endogenous RPS3 (Mm00656272_m1) was performed. Reactions with no reverse transcription and no template were included as negative controls. Relative quantitative evaluation of target gene to RPS3 was performed by comparing Cts, where Ct is the threshold concentration.
Dopamine (DA), dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) HPLC
Similar to methods we have described (O'Connor et al., 2009b) , mouse brain regions were solubilized in extraction buffer (0.1 N HClO4 and 25 µM ascorbate) using an ultrasonic tissue disruptor (Sonics & Materials, Inc., Newtown, CT). Homogenized brains were centrifuged at 12,000 × g for 5 minutes at 4° C. Supernatants were then filtered at 12,000 × g for 5 minutes at 4° C using Costar Spin-X centrifuge tube filters (0.2 µm) (Corning, Corning, NY). Filtrates were diluted in 0.02 N HClO4. DA, DOPAC and HVA were analyzed by HPLC on an ESA Coulochem III detector with a 5041 Enhanced Analytical cell containing a glassy carbon electrode (+320 mV) (Thermo Scientific, Sunnyvale, CA). Mobile phase (pH = 3.0) consisted of 75 mM NaH2PO4, 25 µM EDTA (disodium salt), 0.45 mM octanesulfonic acid and triethylamine in acetonitrile:water (6:94 v:v). Protein concentrations were derived from the pellets from which the supernatants were used for HPLC. In brief, pellets were re-suspended in RIPA buffer (150 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% Triton and 10 mM Tris, pH 7.4) using a 60 Sonic Dismembrator (Fisher Scientific, Pittsburg, PA). Proteins were determined using a DC Protein Assay Kit (BioRad, Hercules, CA) and an ELx800 Absorbance Microplate Reader (BioTek, Winooski, VT). Results were expressed as ng DA, DOPAC and HVA/mg brain region protein.
MAO activity
PBS perfused brain regions (as indicated) were frozen in liquid nitrogen then freeze fractured in reaction buffer containing 50 mM NaCl (Fisher Scientific, Fair Lawn, NJ), 10% glycerol, 1 mM EDTA, 50 mM HEPES, pH 7.4 (USB Corporation, Cleveland, OH) using the TissueLyser II (Qiagen, Valencia, CA) at a rotational frequency of 30/sec for 2 min.
Lysates were clarified at 16,000 × g for 15 min at 4° C and the supernatant protein concentrations determined using the DC Protein Assay (Bio-Rad, Hercules, CA) and a ELx800 Absorbance Microplate Reader (BioTek Instrument, Winooski, VT). Supernatant protein concentrations were normalized within regions with reaction buffer. MAO activity was determined utilizing the MAO-Glo Assay System (Promega, Madison, WI). In brief, samples were incubated with the kit-provided substrate for 1 hr and the methyl ester luciferin/luciferase reaction was quantified using an ImageQuant LAS-4000 CCD camera quantitative imager (GE Healthcare, Piscataway, NJ) coupled to Multi Guage Software (GE Healthcare, Piscataway, NJ).
Serum cytokines
IL-1 , IL-1 , TNF-and IL-6 were measured in 25 µL of serum using a Millipore Milliplex MAP kit (Billerica, MA) following manufactures instructions. Antibody immobilized beads were detected on a Luminex 100 System (Austin, TX).
Statistical analysis
Data analysis was conducted using Sigma Plot 11.2 (Systat Software, Chicago, IL). Body weight, blood glucose, and behavioral data were subjected to 1-way analysis of variance (ANOVA) to determine the main effects of diet (LFD or HFD) followed by Tukey adjustment. When normality failed (P<0.05), the Kruskal-Wallis 1-way analysis of variance or Friedman's 2-way ANOVA were performed followed by a Tukey adjustment when group size was equal and a Dunn's adjustment in cases where group size was not equal. Novel object recognition involving knockout mice or drug injections were subjected to a 2-way analysis of variance to test for the main effects of diet and treatment (phenotype or drug) followed by a Tukey adjustment. qPCR data were analyzed using a 2-way ANOVA. Statistical significance was assumed at P<0.05 and all data are presented as means ± SEM.
Results
HFD feeding for 1 wk causes anxiety-like behaviors and impaired memory without impacting blood glucose or body weight Table 1 demonstrates that mice fed a HFD vs. a LFD for 2 and 3 wks had, respectively, a 35% and 54% increase in fasting blood glucose. HFD feeding for 1 wk did not impact blood glucose. After 3 wks of a HFD, mice body weights were increased 13%. At 1 wk and 2 wks days, body weight was not significantly different between HFD-and LFD-fed mice. Fig.1A shows that mice fed a HFD vs. a LFD for 1 and 3 wks had, respectively, a 200% (45.61 ± 9.04 g vs. 14.91 ± 7.15 g, p ≤ 0.01) and 86% (87.19 ± 6.35 g vs. 46 .83 ± 11.12 g, p ≤ 0.03) increase in burrowing behavior. Spontaneous locomotor activity (distance moved or velocity) was not affected by feeding mice a HFD vs. a LFD at 1 or 3 wks (data not shown). Spontaneous wheel running (Fig.1B) was increased 134% in mice fed a HFD for 1 wk (2914 ± 492 wheel turns vs. 1242 ± 283 wheel turns, p ≤ 0.001) but not after 3 wks. Fig.1C demonstrates that mice fed a LFD vs. a HFD for 1 wk had a 30% (52.46 ± 6.48 sec vs. 36.91±2.90 sec, p ≤ 0.05) decrease in time spent in the open areas of an elevated zero maze. After 3 wks, HFD-and LFD-fed mice were comparable. Fig.1D shows that a HFD feeding for 1 wk did not impact performance in the forced swim test. However, mice fed a HFD for 3 wks were 12.5% less immobile (243.11 ± 19.85 sec vs. 212.82 ± 14.8 sec, p ≤ 0.02). Fig.  1E demonstrates that exploration of a novel object over a familiar object was absent in mice fed a HFD vs. a LFD at both 1 and 3 wks (72.00 ± 1.75% and 81.50 ± 22.09% vs. 50.80 ± 4.21% and 54.76 ± 3.55%, p ≤ 0.001). Fig.1F demonstrates that mice fed a HFD vs. a LFD for 1 wk had a 13% decrease in Y-maze perfect alternations (0.58 ± 0.03 vs. 0.66 ± 0.02, p ≤ 0.02) but, after 3 wks of feeding, Y-maze performance between diet groups was comparable. HFD-feeding had no impact on total arm entries or imperfect alternations at either 1 or 3 wks (data not shown). Fig.2 shows that mice fed a HFD vs. a LFD for 1 wk did not preferentially explore a novel object (51.50 ± 3.57% vs. 67.21 ± 2.82%, p ≤ 0.001). However, when these mice were switched to a LFD for 1 wk, novel object recognition was restored as compared to mice fed a LFD for 2 wks (70.05 ± 3.26% vs. 78.78 ± 2.82%).
Switching HFD-fed mice to a LFD restores memory
Short-term HFD feeding impacts brain DA, HVA and MAO activity but not pro-inflammatory cytokines Table 2 shows that mice fed a HFD vs. a LFD for 1 wk have an 18% and 26% increase in HVA concentration in the cortex and hippocampus, respectively. The hypothalamus exhibits a 39% reduction in DA. Table 3 demonstrates that mice fed a HFD vs. a LFD for 3 wks have no difference in brain region DA, DOPAC or HVA. Table 4 shows that 1 wk of a HFD feeding does not affect gene expression of MAO-A, MAO-B or COMT in the hippocampus, hypothalamus and cortex. After 3 wks, a HFD increases hippocampal MAO-B gene expression while blunting time-associated increases in COMT gene expression in the hypothalamus and cortex and MAO-A gene expression in the hypothalamus. Table 5 shows that MAO-A and -B activity in the hippocampus, hypothalamus and cortex are not impacted by a 1 wk HFD feeding. At 3 wks, however, a HFD increases hippocampal and hypothalamic MAO-B activity (p=0.035 and 0.013, respectively) and hypothalamic MAO-A activity (p=0.006). Table 6 illustrates that serum IL-1 , IL-1 , TNF-and IL-6 are unaffected by a 7 or 21 day HFD feeding. Table 7 demonstrates that mice fed a HFD vs. a LFD for 1 and 3 wks had no up-regulation of IL-1, IL-6 or TNF in the hippocampus, hypothalamus and cortex. Mice fed a HFD for 1 wk had reduced expression of BDNF in the cortex. Fig.3 shows that IDO KO mice fed a HFD vs. a LFD for 1 wk did not prefer to explore a novel object over a familiar object (Main effects of diet (p<0.001), phenotype (p=0.099), diet × phenotype interaction (p=0.088), HFD WT vs HFD IDO KO, 51.8 ± 3.9 vs. 41.0 ± 3.6, p = 0.02; HFD WT vs. LFD WT, 41.0 ± 3.6 vs. 65.5 ± 3.2, p < 0.001; HFD IDO KO vs. LFD IDO KO, 51.8 ± 3.9 vs 65.4 ± 2.3, p = 0.004; LFD WT vs. LFD IDO KO, 65.6 ± 3.2 vs. 65.4 ± 2.3, p = 0.968). IL-1R1 KO mice fed either a LFD or HFD for 1 wk showed no novel object preference (data not shown). Fig.4A shows that mice fed a HFD vs. a LFD for 1 wk had impaired novel object recognition (44.6 ± 3.9% vs. 60.6 ± 1.6%, p = 0.002). However, when mice were administered methylphenidate, HFD-dependent memory impairment was corrected (66.2 ± 5.3% vs.60.0 ± 1.9%, p = 0.204) {main effects of diet (p=0.143), drug (p=0.004), diet × drug interaction (p=0.002); HFD methylphenidate vs HFD vehicle, 66.1 ± 5.3% vs 44.6 ± 3.9%, p < 0.001; LFD methylphenidate vs LFD vehicle, 60.0 ± 1.9% vs 60.6 ± 1.6%, p = 0.903; HFD methylphenidate vs LFD methylphenidate, 66.1 ± 5.3% vs 60.0 ± 1.9%, p = 0.204; HFD vehicle vs LFD vehicle, 44.6 ± 3.9% vs 60.6 ± 1.6%, p = 0.002}. In contrast, mice fed a HFD for 3 wks showed decreased novel object recognition performance when administered methylphenidate when compared to LFD-fed mice (Fig.4B) {main effects of diet (p<0.001), drug (p=0.32), diet × drug interaction (p=0.012); HFD methylphenidate vs HFD vehicle, 47.3 ± 1.5% vs 53.9 ± 1.2%, p = 0.014; LFD methylphenidate vs LFD vehicle, 63.4 ± 1.3% vs 60.4 ± 0.9%, p = 0.242; HFD methylphenidate vs LFD methylphenidate, 47.3 ± 1.5% vs 63.4 ± 1.3%, p < 0.001; HFD vehicle vs LFD vehicle, 53.9 ± 1.2% vs 60.4 ± 0.9%, p = 0.015}. Figs.4C and D show that the antidepressants reboxetine and desipramine did not correct HFD-dependent memory impairment {reboxetine: main effects of diet (p=0.024), drug (p=0.333), diet × drug interaction (p=0.276), HFD reboxetine vs. HFD vehicle, 51.3 ± 5.1% vs. 51.2 ± 2.0%, p = 0.93; LFD reboxetine vs. LFD vehicle, 56.5 ± 5.4% vs. 65.0 ± 4.1%, p = 0.149; HFD reboxetine vs. LFD reboxetine, 51.4 ± 5.2% vs. 56.5 ± 5.4%, p = 0.379; HFD vehicle vs. LFD vehicle, 51.2 ± 2.0% vs. 65.0 ± 4.1%, p = 0.02. Desipramine: main effects of diet (p=0.006), drug (p=0.594), diet × drug interaction (p=0.582), HFD desipramine vs HFD vehicle, 47.7 ± 2.2% vs. 47.6 ± 4.3%, p = 0.99; LFD desipramine vs LFD vehicle, 56.9 ± 5.8% vs. 61.2 ± 3.3%, p = 0.451; HFD desipramine vs. LFD desipramine,47.7 ± 2.2% vs. 56.9 ± 5.8%, p = 0.101; HFD vehicle vs. LFD vehicle, 47.6 ± 4.3% vs. 61.2 ± 3.3%, p = 0.021}
Methylphenidate corrects 1 wk HFD-dependent memory impairment
Discussion
The main findings of the study were that a 1 wk HFD feeding increased anxiety like behavior and impaired memory and learning as evidenced by increased mouse burrowing and spontaneous wheel running and decreased mouse exploration of the open quadrants of a zero maze, perfect alternations in a Y-maze and recognition of a novel object. After a 3 wk HFD feeding, mouse burrowing and novel object recognition remained increased and impaired; respectively, while immobility in the forced swim test decreased. All other aforementioned behaviors examined normalized. Increases in blood glucose and weight due to a HFD occurred by 2 and 3 wks, respectively. Serum IL-1 , IL-1 , TNF-and IL-6 were not impacted by a HFD-feeding. In the brain, only gene transcripts for IL-6 in the hypothalamus and BDNF in the cortex demonstrated a time-diet interaction. In contrast, HVA in the hippocampus and cortex were increased after a 1 wk HFD feeding as was DA in the hypothalamus. At 3 wks of feeding, no differences in HVA, DA or DOPAC were seen between HFD-and LFD-fed mice. MAO-B activity, however, was increased in the hippocampus and hypothalamus along with hypothalamic MAO-A. Finally, administration of methylphenidate prevented HFD-dependent impairment of novel object recognition in mice fed a HFD for 1 wk but impaired novel object recognition could not be corrected with methylphenidate in mice fed a HFD for 3 wks.
The prevalence of childhood obesity has risen dramatically (Karnik and Kanekar 2012) and coincident with this upsurge is an increase in adverse childhood psychological factors most notably ADHD, impulsivity, depression and anxiety (Puder and Munsch 2010) . Due to the myriad of confounds that exist when determining causality of human psychological disorders, controversy remains as to whether overnutrition and/or childhood obesity is important to adverse behaviors especially ADHD (van Egmond-Frohlich et al. 2012) . Therefore, we examined young mice fed a HFD to determine if biobehaviors were impacted. As an initial screening test for behavioral change, we utilized burrowing. Burrowing is very sensitive to the presence of abnormal behaviors (Deacon 2006; Deacon 2009 ), but its root cause and counterpart in human psychology is not yet agreed upon. Changes in burrowing have been equated to anxiety-like behavior, as burrowing is utilized in nature to hide from predators and to conceal food (Deacon 2006) . However, in the laboratory setting, mice will burrow and/or remove substrate from a container in a fashion similar to the "spring cleaning" behavior seen in wild field mice (Deacon 2009 ). Thus, burrowing may represent a reward/pleasure behavior. Support for this contention is illustrated by the work of Sherwin et al. who demonstrated that mice can be motivated to burrow and taught to press a lever to access burrowing material, even when no immediate need to burrow is present (Sherwin and Sherwin 2004 ). In addition, dopamine antagonism reduces burrowing in mice (el-Kadi and Sharif 1998). Therefore, due to the presence of increased burrowing, juvenile mice fed a HFD for 1 or 3 wks may have heightened reward seeking and/or anxious behavior.
Voluntary wheel running can be viewed as a reward behavior (Meek et al., 2010) and we saw that mice fed a HFD for 1 wk had increased wheel running. Most previous studies have failed to demonstrate an increase in wheel running in rodents fed a HFD (Meek et al., 2010; Ma et al., 2011 ) unless mice were selectively bred for high voluntary wheel running (Meek et al., 2010) . This phenotype is in contrast to spontaneous locomotion which is reduced in mice fed a HFD for 8 or more wks (Lavin et al., 2011) . In this study, our wheel running approach differed from that used by others because we allowed mice only a single episode of wheel running in a manner similar to our burrowing experiments. Thus our approach may have evaluated anxiety as anxious mice wheel run more than non-anxious mice (Novak et al., 2012) . Support for this interpretation is seen in our elevated plus maze data which demonstrated that mice were more anxious after being fed a HFD for one week. This behavior is not present after feeding a HFD for 3 wks. Correspondingly, wheel running normalized between HFD-and LFD-fed mice after 3 wks. The anxiety behaviors identified in juvenile mice were not coupled to depressive-like behavior in that mobility in the force swim test increased in mice fed a HFD for 3 wks. Improved performance in the forced swim test correlated with the presence of a significant weight differences between HFD-and LFDfed mice at 3 wks and suggests that the inherent buoyancy and/or energy reserves of HFDfed mice may allow for enhanced performance in a swim-dependent environment, as we have previously shown (Lavin et al., 2011) . Taken together, anxiety appears to manifest early in HFD-fed juvenile mice. It then appears to resolve but recurs after 8-10 wks of continuous HFD-feeding (Lavin et al., 2011; Sharma and Fulton 2012) .
HFD feeding negatively impacted learning and memory in juvenile mice. Amygdala-based memory, as examined using object recognition (Broadbent et al., 2004) , was impacted at both 1 and 3 wks while hippocampal-based memory, as assessed using spatial-cued Y maze performance (Broadbent et al., 2004) , was impacted for only 1 wk. Previously, Kanoski found that after feeding rats a HFD for 3 days spatial memory was impaired, while nonspatial memory remained intact (Kanoski and Davidson 2010) . In their work, non-spatial memory became compromised after 30 days of HFD feeding (Kanoski and Davidson 2010) . Since Kanoski used a radial arm maze to examine non-spatial learning, their test was more hippocampal-dependent than our use of novel object recognition which is markedly resistant to hippocampal injury (Broadbent et al., 2004) . Importantly, the impact of a HFD on novel object recognition was reversible because if mice were switched from a HFD to LFD memory impairment resolved. Thus, the cognitive impairment caused by a short-term HFD feeding in juvenile mice is reversible and amenable to interventions. As has been extensively described, HFDs are pro-inflammatory (Gregor and Hotamisligil 2011) and increased expression of inflammatory bioactives in the brain are postulated to cause the adverse behaviors and cognitive impairment associated with the diabese state (Dantzer et al., 2008) . Unlike in liver and adipose tissue, diabesity is not associated with robust brain-based inflammation (Lavin et al., 2011 ). Long-term HFD feeding has been shown to increase brain IL-1 gene expression (Lavin et al., 2011) and excess IL-1 in the brain impairs memory (Yirmiya and Goshen 2011) . Juvenile IL-1R1 KO mice fed a HFD were not protected from memory impairment demonstrating that IL-1 is not important to deficient novel object recognition. As a more generalized assessment of HFD-dependent neurotoxicity, we examined novel object recognition in IDO KO mice. IDO is the principal mediator of tryptophan metabolism in the body (Miura, et al 2008) . IDO KO mice are resistant to inflammation-induced adverse behaviors (O'Connor et al., 2009a) . Surprisingly, IDO KO mice were not protected from HFD-induced memory impairment. Protection was expected because IDO has been proposed as a key mediator of obesity-associated mood disturbances (Brandacher et al., 2007) . Therefore, our data suggest that brain-based inflammation is not important to memory dysregulation after a short term HFD feeding.
Methylphenidate is a dopamine transporter inhibitor commonly used to treat ADHD (Rapport et al., 1994; Wolraich et al., 2001) . By blocking monoamine transporters in the striatum, methylphenidate increases the synaptic concentration of dopamine and norepinephrine (Arnsten and Dudley 2005) . While methylphenidate prevented 1 wk HFDinduced memory impairment, the norepinephrine/serotonin re-uptake inhibitor, desipramine (Staff 2011) , and the selective norepinephrine re-uptake inhibitor, reboxetine (Staff 2011) , did not improve memory. Interestingly, methylphenidate did not prevent memory impairment in 3 wk HFD-fed mice. In fact, mice feed a HFD for 3 wks were slightly adverse to the novel object with an interaction percentage below 50%. This finding suggests that mice fed a HFD for extended periods may be made anxious by the acute dosing of methylphenidate. While this methylphenidate/obesity interaction has not been previously reported, an anxious phenotype has been observed in chow-fed rats administered methylphenidate chronically (2 mg/kg IP; twice daily for 16 days) (Vendruscolo et al., 2008) . Why methylphenidate works early in the course of a HFD and not later may be explained by the changes seen in the DA system during the progression of overnutrition to diabesity. After a 1 wk HFD feeding, the dopamine metabolite HVA was increased in the cortex and hippocampus. In addition, DA was elevated in the hypothalamus. This was associated with decreased gene expression of BDNF in the cortex. Since infusion of BDNF into the brain increases brain HVA (Altar et al., 1992) , it was not unexpected that gene expression of BDNF in the cortex would be reduced in mice with elevated brain HVA. After 3 wks of HFD feeding, however, DA and HVA levels in the brain were similar to those measured in LFD mice. These findings support the contention that a HFD can affect brain reward and impact the DA system which is activated by unexpected rewards and novelty (Reyes 2012) . Chronic feeding of a HFD is associated with down-regulation of gene transcripts for the dopamine 1 and 2 receptors and the dopamine transporter, indicating that a HFD may eventually lead to a quieting of the DA system (Reyes 2012) . We saw that gene expression of brain MAO and COMT increased from 4 (1 wk on diet) to 7 wks of age (3-wks on diet) with a HFD feeding preventing this age-associated up-regulation. The one exception was MAO-B in the hippocampus which was increased after 3 wks of a HFD. This increase was associated with enhanced MAO-B activity in the hippocampus as well as increased MAO-A and-B activity in the hypothalamus. Taken together it appears that a HFD rapidly boosts the DA system (especial in brain regions that regulate appetite) and that this up-regulation is closely followed by a homeostatic and/or compensation mechanism that likely accounts for the normalization of behavior that is seen during an extended HFD feeding. Additional support for this notion is seen in mice fed a HFD for 12 wks because these mice have normal novel object recognition and reduced burrowing (Lavin et al., 2011) . Only after months of diabesity does inflammation-associated cognitive impairment generally occur, which appears linked to long-standing hyperglycemia and/or insulin resistance-mediated neurodegeneration (Umegaki 2012) .
In summary, childhood obesity and ADHD share coincident clinical manifestations that include impaired executive function and increased impulsivity. Dopaminergic pathways appear impacted in both obesity and ADHD as do brain proteins like BDNF. Given our findings that juvenile mice fed a HFD develop adverse behaviors and impaired memory and learning prior to the onset of weight gain and pre-diabetes, overnutrition due to fats may be causative to childhood psychological factors such as anxiety and ADHD. Wild type mice were fed a LFD or HFD for 1 wk. After 1 wk, HFD-fed mice were switched to a LFD for 1 wk. Exploration of a familiar and novel object were measured for 5 min.
Abbreviations
Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 16. *P ≤ 0.001.
Figure.3. HFD-fed IDO KO mice have impaired memory
IDO KO and wild type (WT) mice were fed a LFD or HFD for 1 wk. Exploration of a familiar and novel object were measured for 5 min. Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 12. Bars without a common superscript are different (P < 0.05).
Figure.4. Methylphenidate corrects 1 wk HFD-dependent memory impairment
(A) Wild type mice were fed a LFD or HFD for 1 wk. Mice were treated with vehicle (V) or methylphenidate (Mphen). Exploration of a familiar and novel object were measured for 5 min. Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 8. Bars without a common superscript are different (P < 0.05).
(B) Wild type mice were fed a LFD or HFD for 3 wks. Mice were treated with vehicle (V) or methylphenidate (Mphen). Exploration of a familiar and novel object were measured for 5 min. Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 8. Bars without a common superscript are different (P < 0.05).
(C) Wild type mice were fed a LFD or HFD for 1 wk. Mice were treated with vehicle (V) or reboxetine (rebox). Exploration of a familiar and novel object were measured for 5 min.
Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 8. Bars without a common superscript are different (P < 0.05). (D) Wild type mice were fed a LFD or HFD for 1 wk. Mice were treated with vehicle (V) or desipramine (desip). Exploration of a familiar and novel object were measured for 5 min.
Results are expressed as % investigation of the novel object compared to the familiar object, means ± SEM; n = 8. Bars without a common superscript are different (P < 0.05). Table 1 Body weight (g) and fasting blood glucose (mg/dL) of mice fed a low-fat (LFD) or high-fat (HFD) diet Results are expressed as mean ± SEM, n=8 per group. One-way ANOVA revealed main effect of diet (P<0.001). Letters within columns indicate significant differences.
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Table 4
Impact of LFD or HFD feeding on gene expression in cerebral hippocampus, hypothalamus and cortex after 1 or 3 weeks of feeding. Results are expressed as relative fold change in mRNA expression (mRNA), means ± SEM.; n = 8. Results within individual rows without a common superscript letter are significantly different. * P < 0.05, significant main effect of time. # P < 0.05, significant main effect of diet. + P < 0.05, significant time-diet interaction. Table 5 MAO-A and MAO-B activity in brain regions of mice fed a low-fat (LFD) or high-fat (HFD) diet Results are expressed as relative changes from LFD control, mean ± SEM, n=8 per group. Letters within columns indicate significant differences.
Table 6
Concentration of pro-inflammatory cytokines (pg/mL) in mice fed a low-fat (LFD) or high fat diet (HFD) Results are expressed as relative fold change in mRNA expression (mRNA), means ± SEM.; n = 6-8. Results within individual rows without a common superscript letter are significantly different. * P < 0.05, significant main effect of time. # P < 0.05, significant main effect of diet. + P < 0.05, significant time-diet interaction. 1
Friedman's two-way ANOVA for non-parametric data used for analysis.
